The 5.4-kb and 6.9-kb plasmids pRN1 and pRN2 from the crenarchaeon Sulfolobus islandicus are name-giving for a small family of archaeal plasmids. Both plasmids have hitherto been supposed to be dependent on each other because they are always found together in their natural host. Here we demonstrate that each of the plasmids can stably propagate and replicate on its own independent of the other plasmid. Moreover, we could show that in vivo the plasmids bear tightly bound proteins. ß
Introduction
The 5.3-kb plasmid pRN1 [1, 2] and the 6.9-kb plasmid pRN2 [2, 3] both are multicopy number plasmids from the thermoacidophilic crenarchaeon Sulfolobus islandicus strain REN1H1 [2] . They are name-giving for a small family of archaeal plasmids that share common, homologous molecular structures [4] . Beside the pRN plasmids, pHEN7, a 7.8-kb plasmid from S. islandicus HEN7H2 [2, 5] , and pDL10, a 7.6-kb plasmid from the chemolithoautotrophic crenarchaeon Acidianus ambivalens [6, 7] , belong to this plasmid family. pDL10 was also found in several isolates from di¡erent geographical locations on Iceland [2] . Another member of the family is the genetic element pSSVx (5.7 kb) from the Sulfolobus strain REY15/ 4 [2] , which is a hybrid between a plasmid and a virus and can spread in a culture in the presence of a fusellovirus, e.g. SSV1 [8, 9] , as a virus satellite via virus-like particles [4] .
The common properties of the plasmids belonging to the pRN family are a large open reading frame (orf, 2676 bp in pSSVx to 2970 bp in pRN2), encoding a protein with homology to initiator proteins of replication (Rep), an orf (copG homologue, for review see [10] ) located directly 5P of the rep gene, encoding a protein which may control the copy number of the plasmids, and two sequence stretches with the ability to form secondary structures, which may function as origins of replication on single-and double-stranded DNA. For the recombinant CopG homologue, ORF65 from pRN1, binding as a tetramer to a double-stranded oligonucleotide, composed of its own promoter sequence, has recently been shown [11] . The common elements of pRN plasmids are all indicative for plasmids that replicate via the rolling circle mechanism. For pRN1 this replication mechanism had been suggested formerly [1] and for pDL10 experimental evidence has proven the existence of singlestranded plasmid DNA as a prerequisite for this kind of replication [12] . In addition to the mentioned sequence elements and ORFs an ORF encoding a small basic protein (73 aa in pDL10 to 81 aa in pRN2) is found on all plasmids of the pRN family. This ORF may encode a DNA binding protein with regulatory function [12] . Interestingly, homologues of this ORF are also found on pNOB8, a large conjugative plasmid from a Japanese Sulfolobus solfataricus isolate [13^15] and in the genome of S. solfataricus P2 (accession number Y18868). Here the orf is located inside a 7.4-kb segment together with sequence elements of a pRN family plasmid in combination with a split integrase gene, and two 45-bp perfect direct repeats, so-called att sequences, at the borders of the segment [5] . It seems probable that during site-speci¢c recombination at the att sequences a plasmid of the pRN family was integrated into the chromosome of S. solfataricus P2.
The comparative molecular analysis of the pRN plasmid family has clearly delineated the essential parts of pRN1 or pRN2 for replication [4, 12] . This knowledge may be helpful when using pRN plasmids to establish a genetic transformation system for Sulfolobus, since despite intense e¡orts no stable vector/host system that allows selection and propagation of single clones from transformed Sulfolobus cells is yet available [12,16^18] .
Unfortunately pRN1 and pRN2 are always found as a mixture though they were isolated from the clonally pure strain REN1H1, indicating that they may be dependent on each other, a situation that is comparable to pSSVx, which can propagate only in the presence of a fusellovirus [4] .
However, in this study we demonstrate that each of the pRN plasmids can replicate on its own and is stable without the presence of the other pRN plasmid. Furthermore we found that the plasmids bear tightly bound proteins when isolated from the cytoplasm of S. islandicus.
Materials and methods

Strain and growth conditions
S. islandicus strain REN1H1 was grown in liquid culture or on plates at 70³C. When grown on plates, solidi¢ed with 0.8% phytagel (Sigma-Aldrich, Deisenhofen, Germany) in the bottom layer, the cells were inoculated with 0.4% liquid phytagel and plated as a top layer. After solidi¢cation of the top layer the plates were incubated at 70³C in a moist chamber and colonies became visible after 34 days. The medium was composed as follows : carbon sources: 0.2% sucrose, 0.1% yeast extract, 0.067% casamino acids; mineral salts : 0. [2] and before inoculation the pH was adjusted to 4 with NaOH.
Colony hybridization
Probes speci¢c for pRN1 or pRN2 were made from the plasmids pRN1pUC [1] and pRN2pUC [3] , respectively. The archaeal parts of these fusion plasmids were isolated by restriction digestion and preparative agarose gel electrophoresis and were subsequently non-radioactive random prime labeled with the Klenow fragment of DNA polymerase and digoxigenin-11-dUTP (Roche Diagnostics, Mannheim, Germany). The probes were used for ¢lter hybridization with S. islandicus. For this purpose single colonies were spotted in duplicate on two di¡erent nylon membranes (Hybond-N, Amersham Pharmacia Biotech, Freiburg, Germany) and on a masterplate for further growth. Cell lysis and DNA denaturing were performed by placing the membranes for 15 min on ¢lter paper saturated with 0.5 N NaOH, 1.5 M NaCl, 0.1% SDS. After 5 min neutralization on 1 M Tris, 1.5 M NaCl, pH 7.5 and 15 min incubation on 2USSC (0.3 M NaCl, 0.03 M sodium citrate) the DNA was crosslinked to the dry membranes by UV irradiation (front 0.25 J cm 312 , back 0.3 J cm 312 , 312 nm). After hybridization at 70³C overnight with 5^25 ng DIG-labeled probe per ml in 250 mM Na 2 HPO 4 , pH 6.8, 1 mM EDTA, 20% SDS, 0.5% blocking reagent (Roche Diagnostics, Mannheim, Germany) the membranes were washed three times for 20 min each with 20 mM Na 2 HPO 4 , pH 6.8, 1 mM EDTA, 1% SDS at 68³C [19] . Afterwards the membranes were immunologically detected according to the protocols of Roche Diagnostics (Mannheim, Germany) with anti-DIG FAB fragments diluted 1:10 000 in bu¡er with 0.5% blocking reagent and the color substrates NBT and X-Phosphate (Sigma-Aldrich, Deisenhofen, Germany).
Preparation of plasmid-bound proteins
Proteins bound to pRN plasmids were prepared in essence due to isolation of these plasmids from the archaeon by alkaline lysis [20] . Cells grown in liquid culture were washed with 20 mM sucrose, pH 5.6 and resuspended with 50 mM Tris, pH 8, 10 mM EDTA and RNase A to a ¢nal concentration of 200 Wg ml 31 . After incubation for 5 min at 37³C the cells were lysed by addition of 0.2 N NaOH, 1% SDS without vortexing. The chromosomal DNA was precipitated with 3 M KAc, pH 5.5. The supernatant was incubated on an Eppendorf mixer for 10 min with 1/3 volume 50% (w/v) silica suspension that was prepared in H 2 O similar to [21] (silica was from Sigma-Aldrich, Deisenhofen, Germany). The silica containing adsorbed plasmids was washed with 10 mM Tris, pH 7.5, 50 mM NaCl, 2.5 mM EDTA, 50% ethanol. After drying the residual ethanol, bound plasmids were eluted for 5 min at 55³C with H 2 O. The eluted plasmids were precipitated with ethanol, linearized with single-cutting restriction enzymes (pRN1 with SacI, pRN2 with KpnI) and separated on preparative 0.8% agarose gels to ensure that only proteins bound to the plasmids were prepared. The plasmid bands together with the bound proteins were cut out and the agarose blocks were melted for 5 min at 94³C in loading bu¡er for SDS^PAGE [22] . The molten agarose with the plasmids and denatured proteins was directly loaded to 12% SDS polyacrylamide gels (acrylamide:bis-acrylamide, 37.5:1). The gels were silver-stained according to [23] to visualize the prepared proteins.
Results and discussion
Independent replication of pRN1 and pRN2
The plasmids pRN1 and pRN2 were always prepared as equimolar mixtures from strain S. islandicus REN1H1, which was clonally pure, isolated from Icelandic solfataric ¢elds [2] . Both plasmids are cryptic and confer no recognizable selection advantage to the plasmid-bearing strain. Under laboratory conditions the growth of the plasmidbearing strain is no di¡erent from that of the non-plasmidbearing strain of S. islandicus. Because the plasmids are highly stable and easy to handle they appear well suited for the establishment of genetic systems in archaea. Therefore we studied whether both plasmids are really present in the same cell, whether both plasmids are necessary for their stable propagation, or if they are present in di¡erent cells and are able to propagate independently of each other in the crenarchaeon, which will simplify the work with this plasmids in future cloning and expression systems.
To test the presence and propagation of the plasmids the strain with the plasmid mixture was plated on phytagel plates and grown as single colonies. These were transferred to nylon membranes and tested by colony hybridization for the presence of the plasmids. As a prerequisite for this we ¢rst checked if the labeled probes were speci¢c for each plasmid and did not cross-hybridize to the related plasmid. This test was done by colony hybridization of Escherichia coli clones carrying fusion plasmids of pRN1^pUC18 and pRN2^pUC18. As shown in Fig. 1 the probe speci¢c for pRN1 did not cross-hybridize to pRN2 and vice versa the probe speci¢c for pRN2 only hybridized to pRN2 but not to pRN1. Thus the probes are suited to di¡erentiate between the di¡erent plasmids also in Sulfolobus.
The colony hybridization of single clones from strain S. islandicus REN1H1 resulted in the detection of four genotypically di¡erent clones. First of all clones with both plasmids, then clones without any plasmid and clones with only pRN1 or pRN2 were detected. These clones were inoculated to liquid culture and their genotype re- Fig. 1 . Colony hybridization on E. coli as a test for the speci¢city of probes for pRN1 and pRN2. The upper row shows colony ¢lters with E. coli bearing a pRN2^pUC fusion plasmid after hybridization with a pRN1-speci¢c probe (left-hand column) and after hybridization with a pRN2-speci¢c probe (right-hand column). The lower row shows the same with E. coli bearing a pRN1^pUC fusion plasmid. Fig. 2 . Plasmid DNA from cloned S. islandicus. DNA was isolated from clones, selected after colony hybridization for the presence of`pRN1 only',`pRN2 only',`no plasmid' or`both plasmids'. Plasmid DNA was double-digested with SacI (single cut on pRN1, no cut on pRN2) and KpnI (single cut on pRN2, no cut on pRN1) and visualized after electrophoresis on ethidium bromide-stained agarose gels (0.8%).
garding the presence of the plasmids was checked again by isolation and analysis of the plasmids. In Fig. 2 the plasmids from the four di¡erent genotypes are shown after restriction digestion and agarose gel electrophoresis. It became clear that pRN1 and pRN2 can really replicate and propagate independently of each other (`pRN1 only' and pRN2 only'), that the plasmids are not essential for the strain (`no plasmid') and that both plasmids can stably replicate in one cell (`both plasmids'). The four genotypically di¡erent strains are stable over a long period of time (not shown).
The clones with both plasmids in the same cell represented the originally isolated clonally pure strain [2] . The balanced replication of two or more di¡erent plasmids in one cell is only possible if each of the plasmids encodes its own replication machinery, which functions independently of the replication machinery of the other present plasmid. From the analysis of the ORFs located on the plasmids this was still concluded [1, 3, 12] . However, the ultimate proof for it is our detection of independent clones with pRN1 or pRN2 only.
Because the pRN plasmids do not confer either a recognizable selection advantage or a disadvantage, clones developed that have lost one or both plasmids over the long period of culture and passage in the laboratory. These clones grew stably together as a mixture with the clones carrying both plasmids.
Envisaging the construction of an archaeal cloning and expression system the S. islandicus strain that has lost its plasmids may be a promising candidate as a cloning strain and future experiments will show if the strain can be retransformed with the pRN plasmids.
Plasmid-bound proteins
During our studies with the pRN plasmids from S. islandicus we regularly observed a shift in the electrophoretic mobility of the plasmids. In Fig. 3 normally running plasmids are shown in comparison to shifted plasmids. The latter ones showed a marked retardation in agarose gel electrophoresis and seemed to have a higher apparent molecular mass. However, after an additional extraction with phenol/chloroform the plasmids behaved as nonshifted plasmids in gel electrophoresis (not shown) which proved the authenticity of the shifted plasmids. Apart from this the phenol/chloroform extraction gave a hint to the reason for the band shift. To test the idea that proteins bound to the plasmids are responsible for the irregular electrophoretic behavior of the plasmids, we established a stringent protocol for the separation of these proteins (see Section 2). According to the protocol plasmids were isolated from the cell lysate by adsorption to silica. An additional puri¢cation step by preparative agarose gel electrophoresis made sure that only proteins bound to the plasmids were isolated. When isolating fusion plasmids constructed of pRN plasmids and E. coli cloning vectors (pUC or pBSII) from E. coli lysates by the silica method an irregular behavior in electrophoretic mobility was never observed and therefore copuri¢cation of proteins bound to pRN plasmids was speci¢cally achieved solely in the archaeon. This is proof that no artefactual proteins have been prepared by the described method. The archaeal plasmid-bound proteins were ¢nally depicted by SDS^PAGE.
In Fig. 4 on the left the proteins of shifted pRN1 are shown in comparison to a preparation from pRN1 with apparently no shift. The same is shown on the right for pRN2. At both shifted plasmids a main protein with an apparent molecular mass of 15 kDa can be seen with additional proteins of apparent molecular masses between 13 and 6.5 kDa. The shifted pRN2 contained additional proteins of higher apparent molecular masses of 33 and 45 kDa and minor amounts of proteins of 41, 36 and 35 kDa, respectively. These additional proteins are not seen in shifted pRN1 preparations. The depicted proteins are speci¢cally bound to the plasmids. In preparations from the same amounts of non-shifted plasmids, only the 15-kDa protein became visible on both plasmids, though in much smaller amounts than in the preparations from shifted plasmids. Also trace amounts of the 9-, 13-, and 45-kDa proteins appeared in non-shifted pRN2. Probably these proteins were still bound to the non-shifted plasmid, but to such a small extent that the plasmids ran regularly in agarose gel electrophoresis. Spurious protein bands, around 21.5 kDa in shifted and non-shifted plasmid samples, are regarded as contaminants that became visible Fig. 3 . Electrophoretic mobility shift of pRN1 and pRN2 isolated as a mixture from S. islandicus. Plasmid DNA was isolated and visualized after restriction digestion on ethidium bromide-stained agarose gels. On the middle lanes (normal plasmids) samples with normal electrophoretic mobility are shown that are running according to their size when compared to the marker (VDNA cut with StyI). On the right-hand lanes (shifted plasmids) samples with retarded electrophoretic mobility are shown.
during the sensitive silver stain procedure. The multiplicity of bound proteins might re£ect association with protein factors of S. islandicus attached to the speci¢cally plasmidbound proteins. The nature of the proteins bound to the plasmids in vivo is still unknown, but it is quite likely that some of the proteins that are encoded on the plasmids themselves will be identi¢ed in further studies as pRN binding proteins. Especially the bands at 6.5 kDa could represent the CopG homologues of pRN1 and pRN2, since the binding of recombinant ORF56 from pRN1 to its own promoter sequence has already been demonstrated in vitro [11] .
